A method for increasing the output energy from newly developed passively Q-switched Er:glass eyesafe lasers is presented. The increase of energy is achieved by incorporating binary phase elements inside the laser cavities. Experimental results reveal that the output energies can be increased by more than a factor of two. Moreover, by manipulating the output phase with the binary phase elements, the peak energy density in the far field is increased by more than a factor of 4.5.
Introduction
Recent progress in the development of passive Q-switches for infrared [1] [2] [3] [4] [5] lasers, and specifically of cobalt-doped glass ceramic [6, 7] saturable absorbers, enables the realization of efficient passively Qswitched Er:glass lasers, which have several attractive features. They emit light of an eyesafe lasing wavelength at 1540 nm, have relatively short pulse width (most commonly between 20 and 60 ns), and are robust and compact. As a result, they can be incorporated into many applications, such as laser designators, laser range finders, wind metrology, LIDARs, and communication [8 -10] . Passive Qswitches have many advantages over active ones. These include low cost, compact size and weight, robustness, and high reliability in harsh environmental conditions. One challenge in using passive Q-switches is to overcome their tendencies to control mode selection and beam narrowing [11, 12] .
In general, a possible approach for controlling mode selection and increasing the beam diameter is to incorporate binary phase elements into the laser cavities, as was done with Nd:YAG and CO 2 lasers, for selecting a single high-order mode [13, 14] . The phase element along with an appropriate intracavity aperture introduces high losses to the undesired modes and low losses to the desired mode. Such phase elements were incorporated into a passively Q-switched Nd:YAG laser to select a TEM 44 transverse mode to obtain output energy five-fold greater than when operating with TEM 00 mode [15] . Such an approach with the intracavity binary phase elements is more difficult to implement with Er:glass lasers, since introducing a loss element into the cavity of such a laser can more easily eliminate laser operation. This is due to the fact that unlike the four-level gain medium of the Nd:YAG lasers, the Er:glass laser has three levels. Consequently, the single-pass gain of the Er:glass is approximately 2 orders of magnitude lower. Accordingly, when Er:glass lasers are passively Q-switched, only the lowest spatial mode can develop. Attempts to increase the pump power in order to increase the gain, unfortunately results in multipulsing behavior, which is unsuitable for many applications [16] . Thus, for most applications, with the saturable absorber passive Q-switch, the Er:glass lasers must be forced to operate at the lowest transverse Gaussian mode [17] . In this lowest transverse mode the volume of the gain medium is not fully exploited and therefore the output energies obtained are relatively low [18] .
In this paper, we investigate and demonstrate how, despite the difficulties, it is possible to increase the output energy and to improve the stability and output beam quality of passively Q-switched Er:glass eyesafe lasers by inserting a binary phase element 0003-6935/07/307426-06$15.00/0 © 2007 Optical Society of America inside the cavity of the lasers. With the combination of the binary phase element and the saturable absorber passive Q-switch, the lasers operate at a preselected single high-order transverse mode so the volume of the gain medium is exploited more fully and thereby the output energy is increased. Stable lasing is obtained with such a combination. Moreover, it is possible to manipulate the phase of the selected mode so the light emerging from the laser has uniform phase, thereby resulting in a bright and focused spot with increased energy density in the far field.
Experimental Configuration
The experimental configuration is shown in Fig. 1 . It includes an ϳ9 cm long basic laser resonator consisting of an Er:glass rod, of 2.2 mm diameter and 35 mm length, a highly reflective concave rear mirror, and a flat output coupler with ϳ85% reflectivity. The rod in our system is pumped with a flashlamp at a low pulse rate between 0.15 Hz and 0.25 Hz so as to ensure that it does not overheat. Higher rates are possible for the Er:glass lasers if cooling or diode pumping is exploited [17] .
In addition, the configuration includes a saturable absorber passive Q-switch (SA PQS), a binary phase element (BPE) for selecting a desired transverse mode, and an adjustable aperture for ensuring that modes higher than that desired suffer from high losses to prevent them from lasing. In our experiments, the SA PQS was a 0.5 mm thick cobalt-doped transparent glass ceramic with antireflective layers on both sides. A 1.36 mm aperture was used for selecting the basic Gaussian TEM 00 transverse mode. Three different BPEs, each with a corresponding aperture of 1.46, 1.86, and 2.2 mm, were used for selecting either TEM 01 , TEM 02 , or TEM 04 degenerate Laguerre-Gaussian transverse modes, respectively. The BPEs were formed by ion etching several sectors on glass. The number of sectors corresponded to the transverse mode that was selected (i.e., two sectors for TEM 01 , four sectors for TEM 02 , and eight sectors for TEM 04 ; see Fig. 2 ). The thickness difference between adjacent sectors corresponds to a -phase shift at the laser wavelength, and determined in accordance with d ϭ ͞2͑n Ϫ 1͒, where n is the refractive index of the substrate. The substrates were then coated with antireflection layers in order to minimize undesired Fresnel reflections.
In some of our experiments the selected intracavity BPE was placed near the output coupler, denoted as location A in Fig. 1 , so the phase of the emerging light was uniform, i.e., all lobes in the output transverse distribution had the same phase. Thus, the far-field intensity distribution would form a bright focused spot. In other experiments the intracavity BPE was placed near the rear mirror, denoted as location B in Fig. 1 , so each lobe in the output transverse distribution had a -phase shift from its adjacent lobes. Thus, the far-field intensity distribution would be similar to the near-field intensity distribution. When the intracavity BPE was placed at location B, another BPE, which is identical both in form and orientation, was placed immediately outside the laser, denoted as location C in Fig. 1 . Thus, the light transmitted through the BPE at location C has a uniform transverse phase, so the far-field intensity distribution would again form a bright focused spot.
We detected the near-and far-field intensity distributions by means of two infrared vidicon cameras, and measured the corresponding laser output energies by means of a pyroelectric detector. The nearfield intensity distributions were obtained by imaging the light distributions emerging directly from the laser (or when relevant, directly after passing through the external BPE) onto the infrared camera. The farfield intensity distributions were obtained after focusing the emerging light with a Fourier transform lens of 47 cm focal length onto the other camera.
Experimental and Calculated Results
The experimental and calculated results are presented in Figs. 2-5 and Table 1 . Figure 2 shows experimental near-field and far-field intensity distributions with different BPEs. In the experiments the BPEs for selecting the TEM 01 , and TEM 02 modes were placed near the rear mirror so an external identical BPE was also used to obtain uniform transverse output phase and a bright focused far-field spot. The BPE for selecting the TEM 04 mode was placed near the output coupler. There was no need to add an external BPE in order to obtain the uniform transverse output phase and a bright focused far-field spot. The corresponding measured energies were 4.01 mJ for TEM 00 , 4.59 mJ for TEM 01 , 6.34 mJ for TEM 02 , and 8.78 mJ for TEM 04 .
For comparison, we also show in Fig. 2 the calculated near-field and far-field intensity distributions for the different transverse modes with and without uniform phases. The near-field distribution for a regular pure degenerate Laguerre-Gaussian TEM pl mode [14] is 
where | ϭ 2r The near-field intensity distributions, for the modes with and without uniform phases, are of course the same. The corresponding far-field intensity distributions were calculated from the far-field distributions that are obtained by Fourier transforming the nearfield distributions of Eqs. (1) and (2) . As evident, the calculated results are in good agreement with the experimental results. They indicate that the combination of an intracavity BPE with a SA PQS and an appropriate aperture indeed select a pure high-order Laguerre-Gaussian mode in the Er:glass laser.
It should be noted that the far-field energy distributions for the high modes with uniform phase should also contain side lobes [19] . They are not seen in Fig. 2 because their energy density is relatively low.
We developed a simple model for determining the output energies of TEM pl modes emitted from a passively Q-switched laser. In this model we first assumed that the peak energies of the light falling on the PQS are the same for all the modes. Hence, the intracavity relative energies of the higher-order modes with respect to the fundamental Gaussian mode and to each other is readily obtained using Eq.
(1). Specifically, the energy ratios between TEM 00 , TEM 01 , TEM 02 , and TEM 04 modes inside the cavity are 1:1.37:1.85:2.56, respectively. Next we assume that the diffraction losses of all the modes are the same, hence the output energy U p,l out can be related to that of the internal energy U p,l in [13] as
where ␥ d are the diffraction losses and ␥ OC are the output coupling losses. Accordingly, the ratios between the output energies of the modes should be the same as those inside the cavity. To compare the model with the experimental results, we calculated the output energies of the TEM 01 , TEM 02 , and TEM 04 modes using the measured output energy of the Gaussian TEM 00 as 4.01 mJ. The calculated output energies were 5.49 mJ for TEM 01 , 7.41 mJ for TEM 02 , and 10.26 mJ for TEM 04 . The corresponding measured output energies of 4.59 mJ, 6.34 mJ, and 8.78 mJ respectively, are 15% smaller than the results we obtained with this model. We believe that the discrepancies between the calculated and the experimental results are possibly due to additional losses introduced by the BPE, higher diffraction losses for the higher modes, and nonuniform gain distribution within the laser rod. The results of this model were also incorporated in all of the calculated results presented in this paper. Figure 3 shows the experimental and calculated cross sections of the far-field energy distributions for 01 , and TEM 02 modes were placed near the rear mirror so an external identical BPE was also used to obtain uniform transverse output phase and a bright focused far field spot. The BPE for selecting the TEM 04 mode was placed near the output coupler. As evident, there was no need to add an external BPE in order to obtain the bright focused spot with that arrangement.
the four different modes with uniform phases. As evident, the peak energy increases and the spot diameter decreases with the higher-order modes. We discovered that the experimental ratios of the energy peaks are 1:1.6:2.7:4.8 for the modes TEM 00 , TEM 01 , TEM 02 , and TEM 04 , respectively, while the corresponding calculated ratios are 1:1.7:3.0:5.5.
As is evident, the expected side lobes are clearly seen in the calculated results [ Fig. 3(b) ], but not in the experimental results [ Fig. 3(a) ]. Nevertheless, we also obtained side lobes experimentally when considering the normalized far-field amplitude distributions, as shown in Fig. 4 , yet even these side lobes are lower than expected. In general, we attribute the reduction of the experimental side lobes to the low dynamic range and properties of our infrared vidicon camera.
Using the experimental and calculated far-field intensity distributions of the modes with uniform phases, shown in Fig. 2 , and the corresponding experimentally measured and calculated total output energies, we determined how much energy falls within a virtual aperture of a certain diameter located at the far field. This allows us to exploit the energy-in-the-bucket (or the equivalent power-in-thebucket) criterion, which is more relevant and useful when using binary phase elements, rather than the M 2 criterion [20, 21] . The results are presented in Fig.  5 . Figure 5 In general, there is good agreement between the experimental and calculated results, for aperture diameters smaller than the main lobe width. Differences become evident for aperture diameters larger than the main lobe width. These differences are attributed again to the limiting properties of the infrared vidicon camera, which cannot detect the details of the side lobes. The background noise also becomes more dominant as the radius of integration increases. This is due to a reduction of the energy of the signal (i.e., signal-to-noise ratio is lower) and an increase in the area of integration. As is evident from the results of Figs. 5(c) and 5(d), it is better to operate the laser at the highest-order mode, where the output energies are highest and the divergence of the main lobe is lowest. Table 1 summarizes the experimental and calculated results for several parameters of the output energies of the different modes with uniform phases. The results for each parameter are given in a relative form, with respect to the corresponding results of the fundamental TEM 00 Gaussian mode. These results show that the output energy for the TEM 04 is greater than a factor of two as compared with that of the TEM 00 mode. Also, in the far field, the peak energy of the TEM 04 mode is greater than a factor of 4.5 as compared with that of the TEM 00 mode, and the diameter of the central lobe decreases by a factor of 1.6. The width of the central lobe for each operating mode was found as the average width at 1͞e 2 intensity points along far-field x and y axes. The percentage of energy contained in the central lobe for each mode was determined by the first inflection point in the corresponding energy-in-the-bucket curves shown in Fig. 5 .
Finally, we performed some experiments to demonstrate that a BPE is indeed needed to obtain stable, high-energy output from passively Q-switched Er:glass lasers. Specifically, when we operated the laser without BPE, and increased the diameter of the aperture above 1.36 mm so as to obtain higher energy per pulse, we observed hot spots that were unstable both energetically and spatially.
Conclusion
To conclude, we have investigated and experimentally demonstrated the efficient selection of a single pure high-order transverse mode, in eyesafe passively Q-switched Er:glass laser configurations, overcoming the inherent spatial and temporal instabilities of these types of lasers. By incorporating phase elements into the cavity, the output energies were increased by more than a factor of two and the peak energy density in the far field was increased by more than a factor of 4.5. As a result the passively Q-switched Er:glass eyesafe lasers can be incorporated into a greater variety of applications. 
